INTRODUCTION

Since Koizumi et al
1 reported the first case of human cytomegalovirus (HCMV)-induced corneal endotheliitis in 2006, the clinical evidence for HCMV corneal endotheliitis in 'immunocompetent' patients has continued to accumulate. In recent years, diagnostic criteria for HCMV corneal endotheliitis based on the detection of HCMV DNA from the patient's aqueous humour using PCR in combination with clinical manifestations have been proposed. 2 Nonetheless, it remains to be confirmed whether HCMV plays a role in the pathogenesis of corneal endotheliitis.
During productive infection, HCMV genes are expressed in a temporal cascade designated as immediate early (IE), early (E) and late (L). The major IE genes, UL123/122 (IE1/IE2), play a critical role in subsequent viral gene expression and viral replication efficiency. 3 The E genes encode proteins, including viral DNA polymerase processivity factor UL44, necessary for viral DNA replication. Delayed early and L genes, which encode structural proteins in the virion, are expressed following viral DNA replication. 4 HCMV replicates productively in a variety of cells, including, but not limited to, human foreskin fibroblasts (HFFs), 5 human umbilical vein 6 and arterial endothelial cells, 7 retinal pigment epithelial cells 8 and monocyte-derived macrophages and dendritic cells. 9 10 However, it remains to be confirmed whether HCMV can replicate in human corneal endothelial cells (HCECs) in vitro.
Recently, several approaches have been developed for the cultivation of HCECs, and we have also reported culture conditions for HCECs that allow both cell adhesion and proliferation. 11 Therefore, in this study, we sought to determine whether primary cultured HCECs could support HCMV replication, and herein show for the first time that HCMV can efficiently replicate in HCECs.
MATERIALS AND METHODS Cells and viruses
Primary cultured HFFs were propagated and maintained as described previously. 12 HCECs were isolated from corneas donated for research purposes (SightLife, Seattle, Washington, USA) and subjected to primary culture as described previously. 11 In brief, HCECs (together with the Descemet's membrane) were stripped off and then digested at 37°C for 2 h in a basal medium containing 2 mg/mL collagenase A. Next, the cells were washed by centrifugation, incubated with 0.05% trypsin/EDTA for 5 min at 37°C, washed and cultured with a basal medium containing basic fibroblast growth factor (2 ng/mL) in the presence of L-ascorbic acid 2-phosphate (0.3 mM) on atelocollagen-coated dishes. The cells were used for experiments at passage 2-4. Human umbilical vein endothelial cells (HUVECs) purchased from Cell Systems (Kirkland, Washington, USA) were cultured with CS-C Complete Medium Kit R (Cell Systems) on collagen-coated dishes.
We used a vascular endotheliotropic HCMV strain, TB40/E, 13 and a laboratory strain, Towne with the green fluorescent protein (GFP) gene, for infection. 3 To obtain TB40/E, the culture fluid from HFFs transfected with the TB40-BAC4 clone (kindly provided by Dr Barbara Adler, Max von Pettenkofer Institut, München, Germany) was collected at 7 days after observation of a 100% cytopathic effect (CPE) and then propagated as described previously. 3 To observe the CPEs, the infected cells (on coverslips in 24-well plates) were
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RNA extraction and real-time RT-PCR
HFFs or HCECs were infected with TB40/E or Towne at a multiplicity of infection (MOI) of 3, and RNAs were then harvested at 1, 2 and 3 days post infection (dpi) and subjected to real-time RT-PCR analysis as the replication cycle of HCMV requires 48-72 h to reach the final stages of maturation and release of progeny. 14 Total RNA extraction, cDNA synthesis and real-time RT-PCR analysis were performed as described previously. 12 The sequences of the primer sets are shown in online supplementary table S1.
Immunoblot analysis
HFFs or HCECs were infected with TB40/E or Towne at an MOI of 3. Cells were harvested at 1, 2 and 3 dpi as approximately 6, 24 and 72 h are required after infection for the detection of IE, E and L protein expression by immunoblot or immunofluorescence analysis, respectively. 15 The prepared cell lysates were electrophoretically separated, transferred to polyvinylidene difluoride membranes and reacted overnight at 4°C with the following antibodies: anti-HCMV IE1 and IE2 (IE1/2, 1:500), early UL44 (1:500), delayed early pp65 (CA003, 1:10 000; EastCoast Bio, North Berwick, Maine, USA), late UL99 ( pp28, 1:1000) and anticellular glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:100 000). The anti-IE1/2, UL44, UL99 and GAPDH antibodies were purchased as described previously. 16 After reaction with a viral antibody, the membrane was probed with horseradish peroxidase-conjugated secondary antibodies (Dako, Japan, Tokyo, Japan) for 1 h at room temperature (R/T) as described previously. 12 
Immunofluorescence analysis
Confluent cells seeded on coverslips in 24-well plates were infected with TB40/E or Towne at the indicated MOI and fixed at 1, 2 and 3 dpi UL44 foci were detected as described previously. 16 To estimate the development of replication compartments (RCs) in the HCECs or HFFs, at least 100 cells were scored as described previously. 17 For the detection of IE1/2 and UL99 antigens, cells were fixed, treated and incubated with a blocking buffer as described previously. 12 After blocking, cells were immunolabelled with anti-IE1/2 or anti-UL99 antibody (1:200) for 2 h at R/T and stained with the secondary antibody conjugated with Alexa Fluor 594 (Molecular Probes, Invitrogen Life Technologies, Carlsbad, California, USA) for 1 h at R/T. Images were obtained using an Olympus FV1000 microscope (Olympus, Tokyo, Japan).
Viral DNA replication assays
HFFs or HCECs were infected with TB40/E or Towne at an MOI of 3, and the cells were harvested at 1, 2 and 3 dpi. To prepare cell lysates, cells were suspended in a PCR lysis buffer containing 50 μg/mL proteinase K and, following the inactivation of the proteinase K, the input and replicated viral DNAs were detected by real-time PCR as described previously. 4 
Electron microscopy
The infected cells were fixed with a fixative containing 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer ( pH 7.4). After washing with 10% sucrose in the same buffer, the cells were postfixed with 1% OsO 4 in the same buffer and blockstained with 1% aqueous uranyl acetate. Cells were then dehydrated and embedded in Epon 812 (TAAB Laboratories Equipment, Berkshire, UK). Ultrathin sections (60-80 nm) were cut with a diamond knife (Diatome, Switzerland) on an ultramicrotome (Ultracut N Reichert-Nissei, Tokyo, Japan). The sections were double stained with 4% uranyl acetate and 0.4% lead citrate for examination by transmission electron microscope (model JEM-1010; JEOL, Tokyo, Japan).
Viral growth assays
Virus titres were determined by 50% tissue culture infectious dose (TCID 50 ) assay on HFFs using the formation of viral plaques on monolayers of HFFs infected with serially diluted supernatants in quadruplicate infections. 18 The TCID 50 values were calculated using the method of Reed and Muench.
RESULTS
Infection of HUVECs with TB40/E
It is known that while TB40/E can replicate in HUVECs, Towne has lost this ability. 13 Therefore, to confirm whether the virus obtained from the HFFs transfected with the TB40-BAC4 clone retains HUVEC tropism, HFFs or HUVECs were infected with TB40/E or Towne at an MOI of 0.5 and stained with H&E or immunolabelled with an anti-IE1/2 antibody.
As shown in figure 1A , B, cell rounding and IE1/2 antigens were detected in the TB40/E-infected HUVECs. Further, a CPE and IE1/2 antigen expression were detected in HFFs, but not in the Towne-infected HUVECs. These results suggested that TB40/E maintains its original phenotype.
Synthesis of viral gene transcripts in HCECs infected with HCMV at a high MOI
To determine whether HCECs support HCMV mRNA expression, we compared viral gene transcription in HCECs with that in HFFs after TB40/E or Towne infection at an MOI of 3. There was no more than a twofold difference in the expression levels of IE1 and IE2, early gB and UL44, and late UL75 and UL99 mRNAs between the TB40/E-infected HCECs and HFFs (see online supplementary figure S1A-F). Similarly, the expression levels of IE1, IE2, gB, UL44, UL75 and UL99 mRNAs in the Towne-infected HFFs and HCECs were also comparable (see online supplementary figure S1G-L). From these results, we concluded that viral IE, E and L mRNAs were efficiently expressed after the infection of HCECs with TB40/E or Towne at a high MOI, and TB40/E and Towne did not show the expected differences in that the susceptibility of HCECs appeared to be independent of the features dictating infection in HUVECs.
Synthesis of viral proteins in HCECs infected with HCMV at a high MOI
To determine whether HCECs support HCMV protein expression, we first infected HCECs with TB40/E or Towne at an MOI of 0.5 and then stained them with H&E or immunolabelled them with an anti-IE1/2, early UL44 and late UL99 antibody.
As shown in figure 1C , rounded cells resembling owl's eyes were observed up to 3 dpi, and IE1/2, UL44 and UL99 antigens began to be detected at 1, 1 and 3 dpi, respectively. There were smaller numbers of UL99 antigen-positive cells in the TB40/ E-infected HCECs than in the Towne-infected HCECs ( figure  1C) , presumably due to the lower protein expression level (see figure 2A) . Trypan blue staining did not reveal any loss of cell viability up to 3 dpi ( figure 1D ).
We next infected HFFs or HCECs with TB40/E or Towne at an MOI of 3, and then undertook an analysis by western blotting with antibodies against viral IE1/2, early UL44, delayed early pp65 and late UL99 and cellular GAPDH.
In the TB40/E-infected or Towne-infected cells, IE1, IE2, UL44 and pp65 proteins were expressed to a similar extent in HFFs and HCECs at 1, 2 and 3 dpi ( figure 2A, B) . Similarly, there was no significant difference in the expression level of UL99 protein between the Towne-infected HFFs and HCECs ( figure 2B ). In contrast, after infection with TB40/E, the amount of UL99 protein in HCECs was a little lower than that in HFFs at 3 dpi (figure 2A), which is in agreement with the results for viral mRNA levels (see online supplementary figure S1F).
The ratio of IE1 to IE2 protein in the Towne-infected cells was higher than that in the TB40/E-infected cells ( figure 2A,  B ). IE1 and IE2 mRNAs are alternatively spliced transcripts that share their first three exons (exon 1, 2 and 3) and differ in their 3 0 terminal exon. IE1 and IE2 mRNA have exon 4 and 5 in the 3 0 end, respectively. 19 The lower expression ratio of IE2 protein in Towne-infected cells might be partially due to the difference in the HCMV-strain dependent ratio of inclusion-to-skipping of the exon 4. Based on these results, we concluded that viral IE, E and L proteins were efficiently Figure 2 Analysis of viral immediate early (IE), early and late gene translation after human cytomegalovirus infection. Human foreskin fibroblasts (HFFs) or human corneal endothelial cells (HCECs) were infected with TB40/E (A) or Towne (B) at a high multiplicity of infection, and analysed for viral proteins. IE1/2, early UL44, delayed early pp65 and late UL99 ( pp28) proteins at 1, 2 and 3 days post infection (dpi) as described in the Materials and methods. GAPDH served as an equal protein loading. Uncropped images of blots are shown in online supplementary figure S2. HCECs supported effective viral DNA replication after infection with HCMV at a high MOI HCMV DNA replication proteins, including UL44, are localised in large nuclear structures that resemble HSV-1 RCs. 20 To determine whether all stages of the compartments, from small multiple foci (which represent prereplication sites) to large single foci (which represent fully developed sites), could be observed in TB40/E-infected HCECs and thereby establish the presence of active viral genome replication, 21 HFFs or HCECs were infected with TB40/E at an MOI of 3 and stained with anti-UL44 antibody.
Small foci were detected at 1 dpi, and bipolar and large single foci were detected at 2 and 3 dpi, respectively, in Figure 4 Human corneal endothelial cells (HCECs) produced a substantial number of infectious virions after human cytomegalovirus infection. At 3 days post infection (dpi) with TB40/E at a high multiplicity of infection, larger numbers of capsids preparing to package 22 were observed in the HCECs (A and B) than in the HFFs (E and F). Cytoplasmic virus particles were observed at 3 dpi in the TB40/E-infected HCECs (C and D). Viral capsids preparing to package (C), cytoplasmic viral particles (V) and dense bodies (DB) are shown by arrows. TB40E-infected HCECs. However, there was a lag in the development of these RCs in HFFs infected with TB40/E in comparison with those observed in HCECs ( figure 3A, B) .
To determine whether the TB40/E or Towne genome efficiently replicates in HCECs, HCECs or HFFs were infected with TB40/E or Towne at an MOI of 3 and subjected to viral DNA replication assays.
The amount of viral DNA was increased approximately 100-fold at 2 dpi in HCECs after TB40/E infection, suggesting that the viral DNA derived from HCECs at 2 dpi had replicated. In contrast, the amount of viral DNA was not increased at 2 dpi, but was increased at 3 dpi in TB40/E-infected HFFs ( figure  3C ). Since UL44 is necessary for viral DNA replication, these findings could be related to the delay in the replication of the TB40/E genome in HFFs. In both Towne-infected HFFs and HCECs, there was an increase in the amount of viral DNA at 2 dpi ( figure 3D ). Taken together, these findings led us to conclude that both the TB40/E and Towne genomes efficiently replicated in the HCECs.
HCECs produced substantial numbers of infectious virions after HCMV infection at a high and low MOI
To investigate the presence of the intracellular trafficking of virus particles, sections of TB40/E-infected HCECs (figure 4A-D) or HFFs (figure 4E, F) were analysed under an electron microscope. RCs were observed in the nucleus, and, compared with those observed in the HFFs, larger numbers of capsids preparing to package 22 were identified in the lobar regions of the RCs in the HCECs at 3 dpi ( figure 4B, F) . Cytoplasmic viral particles and electron-dense intracytoplasmic particles (dense bodies) were also clearly visible at 3 dpi in TB40/E-infected HCECs ( figure 4C, D) .
To, therefore, compare the growth of TB40/E or Towne at a high and low MOI in HCECs with that in HFFs, HCECs or HFFs were variously infected with TB40/E or Towne at an MOI of 3 or 0.01, and viruses from the infected cultures were titrated at the indicated times.
The growth of TB40/E was delayed in HFFs compared with that in HCECs after infection at both a high and low MOI ( figure 5A, B) . We detected an approximately 100-fold to 1000-fold higher level of viral replication in HCECs compared with that in HFFs at a high MOI (figure 5A). In contrast, the viral titre of TB40/E in HFFs was only approximately 10-fold lower than that in HCECs after 5 dpi at a low MOI (figure 5B). In HCECs infected with Towne at a high MOI, the viral titre dropped dramatically by more than one order of magnitude at 5 dpi ( figure 5C ). This corresponded to the loss of cell viability at 4, 5, 7 and 9 dpi (figure 5E, F). However, GFP-positive cells in which Towne possibly replicated remained even at 9 dpi in the Towne-infected HCECs (figure 5F). Towne, which has already adapted to efficient replication in HFFs, could undergo abortive infection in HCECs from 5 dpi onwards at a high MOI. The viral titre of Towne-infected HCECs at a low MOI was approximately 10-fold lower than that in HFFs throughout the course of infection ( figure 5D ). Based on these results, we concluded that TB40/E, but not Towne, grew more efficiently in HCECs than in HFFs at both a high and low MOI.
DISCUSSION
Owl's eye morphological features, defined as large HCECs in which the nuclei have an area of high reflection surrounded by a halo of low reflection, were observed by in vivo laser confocal microscopy in patients with HCMV corneal endotheliitis. 23 Since 'owl's eye cells' are typically seen in specimens from kidneys, lungs and other organs of patients with congenital or acquired HCMV infection, 24 the owl's eye morphological features were hypothesised to represent HCMV-infected HCECs. 23 Nonetheless, we have no direct evidence that HCMV efficiently replicates in the HCECs of patients as diagnostic corneal endothelial biopsy is invasive and not commonly performed in patients with corneal endotheliitis. We, therefore, undertook in vitro studies using primary cultured HCECs and found 'owl's eye cells' in the infected HCECs.
Towne, unlike TB40/E, does not replicate well in cultured HUVECs. Most of the genes located between UL128 and UL150 are either missing or mutated in Towne after extensive serial propagation on fibroblasts. In contrast, TB40/E, which has not been extensively propagated on fibroblasts, harbours fewer mutations, and retains the ability to replicate in a wider variety of cultured cell types. 13 Our current data indicated that Towne, as well as TB40/E, could replicate in HCECs up to 4 dpi at a high MOI (figure 5A, C), suggesting that there is a difference in the susceptibility to Towne between HUVECs and HCECs. HCMV has been shown to be highly polymorphic both among and within human hosts; 25 therefore, further study is needed to determine the genomic populations of the virus that actually replicate in the aqueous humour of patients with HCMV corneal endotheliitis.
To the best of our knowledge, this is the first report to show that primary cultured HCECs efficiently support HCMV replication. It is possible that HCMV corneal endotheliitis is associated with HCMV replication in the HCECs followed by the release of replicated virions into the aqueous humour of the patients.
